Introduction
A collective Thomson scattering (CTS) diagnostic system for localized measurement of energetic ions is being developed for TFTR [1] . This system will use a 200KW, 56GHz gyrotron and a sensitive heterodyne receiver. In addition, a key element of this system will be beam and viewing dumps which are needed to minimize detection of stray gyrotron and ECE background radiation by the receiver system. It is the purpose of this study to determine the size and location of these dumps inside TFTR taking into account beam refraction and launch and receiver antenna optics scanning.
The beam dump must cover all the area in the vacuum chamber where the beam is expected to impinge, and the viewing dump must cover all the areas within the direct line of sight of the receiver antenna. The beam launch system and the receiver antenna are to be placed nearly symmetrically above and below the midplane of the tokamak vacuum vessel, respectively. The beam dump is to be placed at the bottom inside of the vacuum vessel to absorb the gyrotron beam which will be launched from a top port. The viewing dump is expected to be placed symmetrically at the top inside of the vacuum vessel, and therefore a detailed analysis of only the beam dump is required here.
The beam dump must be robust enough to withstand the harsh environment near the fusion plasma, and it must be able to efficiently absorb the incident diagnostic millimeter-wave energy. Therefore the material selection of the dump is a very critical issue. However, the issue of the dump layout is the focus of this study and material selection issues are not covered. It is assumed that the best possible material will be selected for the beam dump design.
Since the 56GHz gyrotron radiation is expected to experience refraction in the TFTR plasma, an estimate must be made to adjust the straight line calculation done previously [2] . An outline of the method used to calculate the layout location of the beam dump is as follows. * Starting with the experiment's scattering geometry in the tokamak, initial layout of the beam dump is calculated with the straight line assumption.
* Second, the refraction of the beams in the plasma is calculated using a ray tracing code to trace the rays around the perimeter of the diagnostic launch system scanning range.
" Third, the divergence of the beam is approximated by using a free space Gaussian beam calculation for each ray along the ray path. In the following section, a brief description of the geometry of the CTS launch antenna system is presented. Then the ray tracing code used to calculate refraction of the beams is described. Assumptions made on the plasma model are also discussed in this section. Next, a discussion on the Gaussian optics follows, and the assumptions made to simplify the analysis are described. Then the method used to calculate the layout of the beam dump is discussed; and the result is presented and compared with the result obtained with the straight line calculation.
Beam Dump Positioning
The gyrotron beam will be launched downward from a top access port of the TFTR tokamak. Hence the beam dump must be placed at the bottom inside of the vacuum vessel. The optics for the launch beam are designed to be steerable in both toroidal and poloidal directions to allow for profile measurements and a reasonable range of scattering geometry. The steerable range of the antenna in the toroidal direction varies from = 0* to 100. In the poloidal direction, the antenna can be steered from 
Ray Tracing Model
The refractive effects of millimeter-wave beam propagation in a plasma are modeled by a geometric optics ray tracing code, RAYS [3] . Several modifications have been made to the RAYS code to model the toroidal equilibrium for a circular or an elongated plasma with simple but realistic analytic equations. The code can analytically model the magnetic shifts and the density profiles from experimental data. The following equation is used to model the flux of an elongated plasma.
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Here, the ratio 0/ 0 . is the normalized flux, x and y are the plasma's horizontal and vertical Cartesian coordinates, a is the minor radius, 6 is the plasma triangularity, r. A=0.80m To model the exponential density profile observed in the TFTR 'Supershot' data, the density profile is modeled by the sum of a parabolic and an exponential profile:
where n/n 0 is the normalized density and A is the ratio of peak parabolic density to the peak exponential density; and p1, p2, and r, are the shape parameters that determine the shape of the density profile. To determine the parameters of this model, a least squares fit to the experimental density profile is done with the above models of normalized flux and density profile. For the current analysis, TFTR's 'Supershot' experimental data (shot # 55851) is used [5] .
Because the beam launch point is in the vacuum region, a straight line extrapolation from the launch point to the plasma boundary is done to calculate the initial ray tracing launch points for various given launch angles. Also, once the ray tracing code has calculated the propagation of the rays in the plasma, another linear extrapolation is done from the plasma edge to the beam dump. Linear extrapolation of the ray in the region outside the plasma is valid because the ray does not refract in vacuum.
The reason for doing a straight line extrapolation outside the plasma is that the ODE subroutine in the ray tracing code does not converge in the very low density region (ie. outside the plasma).
Gaussian Optics
To account for the finite diameter of the beam and divergence, a free space Gaussian optics calculation was used to approximate the beam width at the beam dump. Beam dump design must account for the widening of the beam to effectively minimize reflections In reality, the Gaussian optics assumption is not generally valid for a beam that experiences refraction because of non uniformity across its cross section. However, a zeroeth order analysis was made here by assuming that the refraction of the beam and beam divergence are separable. Hence, it was assumed that the plasma only affects the beam refraction; and it was further assumed that the beam divergence is governed by Gaussian optics along the ray path. With the following equation, the Gaussian beam radius of the ray at 1/e 2 power can be calculated at any point along the beam path. The beam radius, w is given by
where Z is the distance from the beam waist, ZR is the Rayleigh range, Ai is the incident beam's wavelength, and w. is the beam waist [4] . The primary parameter in determining the beam divergence is the diagnostic port clear aperture. This port which has a diameter of 8", has an effective clear aperture of only 6" because of the need to offset the gyrotron beam for the toroidal scan. To avoid significant fringing the beam waist at the port must be chosen such that a > 1.5 w, where a is the port clear aperture diameter. Figure 3 illustrates the divergence of a 56GHz Gaussian beam restricted to w =5cm at the diagnostic port with the beam wavefront curvature at the port. Note for all these cases the beam radius at 300cm from the port is less than 12cm. For the present analysis, the beam diameter at the beam dump for all the rays has been conservatively assumed to be 9 inches.
In order to determine the location of beam dump edges that would extend far enough to take both beam refraction and beam divergence into account, the perimeter After the adjustments are made to the ray tracing results to take the beam divergence into account, the rays are then linearly extrapolated down to the vacuum vessel to determine the beam dump perimeter. The direction of each ray is calculated by using the last two points, (x 1 ,yi, z 1 i) and (xo,yo, zo), of the ray after it emerges from the plasma. Assuming that the ray travels in a straight direction in the region outside the plasma, the two direction angles, a and 3 are calculated.
(7 (zJ -zo) a and 0 correspond to the angles in the toroidal and poloidal directions, respectively.
The intersection points of the extrapolated rays with the effective vacuum vessel wall give the layout coordinates of the beam dump. Given the angles a, 8 of the beam direction as given above and the last point of the ray right after passing through the plasma (xO, Yo, zO), the intersection point (x,y, z) between the ray and the dump that define the dump layout can be calculated with the following equations.
Above equations are solved iteratively for s = 0 with an initial guess of z. The solution of the intersection points defines the boundary of the beam dump layout that covers a large enough area to allow refracted beams to be absorbed by the dump. In the areas where the rays go through high plasma density regions, refraction is significant. Therefore the dump area, located directly below the central plasma region as viewed from the launch position, must be enlarged to accommodate for refraction of the beams. In contrast, in the areas where the rays do not go through dense plasma regions, no modifications are needed since the rays go through the plasma without any refraction.
Interpretation of Results
As described from the perspective of the Figure 5 (viewing from the top, looking down to the plasma), the upper region of the dump needs to be enlarged the most to adjust for the refraction. Also, since the location of the peak plasma density is to the right side of the launch position, the beam refracts away from the central peak into the inboard side of the vacuum vessel. Therefore, the left side of the dump also must be enlarged. If the beam is directed in such a way so that the ray always refracts to the outboard direction, then the left side of the dump does not need to be enlarged as much. Hence, if the ray is launched with poloidal steering angle (v) of greater than a few degrees, then the dump locations on the left side do not need to be modified from the straight line calculations. At the bottom and the right side of the dump, no modifications seem to be necessary since the results from the straight line calculations and the ray tracing calculations overlap. In the bottom side, the rays refracted only in the poloidal direction and not in the toroidal direction because the rays were launched in the direction closely perpendicular to the magnetic field direction.
In conclusion, modifications to the beam dump layout due to refraction need to 
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